Hydrodynamic instability growth and its effects on implosion performance were studied at the National Ignition Facility [G. H. Miller, E. I. Moses, and C. R. Wuest, Opt. Eng. 443, 2841 (2004)]. Implosion performance and mix have been measured at peak compression using plastic shells filled with tritium gas and containing embedded localized carbon-deuterium diagnostic layers in various locations in the ablator. Neutron yield and ion temperature of the deuterium-tritium fusion reactions were used as a measure of shell-gas mix, while neutron yield of the tritium-tritium fusion reaction was used as a measure of implosion performance. The results have indicated that the low-mode hydrodynamic instabilities due to surface roughness were the primary culprits for yield degradation, with atomic ablator-gas mix playing a secondary role. In addition, spherical shells with pre-imposed 2D modulations were used to measure instability growth in the acceleration phase of the implosions. The capsules were imploded using ignition-relevant laser pulses, and ablation-front modulation growth was measured using x-ray radiography for a shell convergence ratio of $2. The measured growth was in good agreement with that predicted, thus validating simulations for the fastest growing modulations with mode numbers up to 90 in the acceleration phase. Future experiments will be focused on measurements at higher convergence, higher-mode number modulations, and growth occurring during the deceleration phase. V C 2014 AIP Publishing LLC.
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I. INTRODUCTION
The goal of inertial confinement fusion (ICF) [1] [2] [3] is to implode a spherical target to achieve high compression of the deuterium-tritium (DT) fuel and high temperature in the hot spot to trigger ignition and produce significant thermonuclear energy gain. Hydrodynamic instabilities and mix play a central role in the performance degradation of spherical implosions in ICF. 2, 3 In indirect-drive ICF implosion experiments at the National Ignition Facility (NIF), 4 the laser drive was converted into x rays inside a high-Z enclosure (hohlraum) to drive the spherical plastic capsules containing layered DT fuel layers. 2, 3 The implosion begins with an acceleration phase when the x-rays ablate the shell surface, and the capsule accelerates and starts to converge. Outershell nonuniformities grow as a result of the accelerationphase Richtmyer-Meshkov (RM) 5, 6 and Rayleigh-Taylor (RT) instabilities 7, 8 at this stage of the implosion. As the shell accelerates, these outer-surface perturbations feed through the shell, seeding perturbations on the ablator-ice interface and the inner-ice surface. 2, 3 At this time, ablator jets from localized surface perturbations can penetrate the shell and mix ablator material into the DT hot spot. 30 As the shell approaches its center, it starts to decelerate due to rising inner gas pressure while continuing to converge. At stagnation, the shell stops (at peak compression) and then rebounds. During the deceleration phase, the inner surface of the shell is subjected to hydrodynamic instabilities. [31] [32] [33] [34] [35] [36] [37] [38] At this phase, drive asymmetries and surface imperfections are further amplified by the instabilities resulting in a distorted shell with reduced hot-spot temperature, increased volume, and decreased pressure. 39 The modulations also grow due to Bell-Plesset (BP) convergence effects throughout the compression. 40 In recent high-compression experiments on NIF, high fuel areal densities (up to $1.3 g/cm 2 ) have been achieved with fuel velocities of $320-330 km/s. 39, 41 These key performance parameters were close to the goal of the ignition design, while the neutron yields were reduced by hydrodynamic instabilities and drive asymmetries. 39, 41 The presence of mixed ablator material was also correlated with reduced experimental yields and temperatures in high-compression layered DT implosions. 42, 43 The x-ray spectroscopy measurements with Cu and Ge dopants at different radial locations in the plastic ablator indicate that the ablation-front instability is primarily responsible for the hot spot mix, not the classical Rayleigh-Taylor hydrodynamic instability at the ablator/DT-ice interface during the acceleration phase. 42 Multidimensional (2D and 3D) simulations of the layered DT implosions attempted to capture performance degradation due to instabilities and drive asymmetries. They over-predicted the measured yields by factors of up to $30 for high-compression implosions. 44 2D simulations with multipliers (up to 3-5Â) on the capsule surface roughness, however, were able to bring simulated yields down to the measured levels. 41 The need for an increased surface roughness could indicate the presence of instability seeds, which are not measured by current techniques, or growth rates that are larger than calculated. These results demonstrated a need to quantitatively understand the instability growth in experiments and simulations before a strategy to mitigate them can be designed for high-compression implosions.
Several experimental platforms are being developed to measure and understand various aspects of the instability growth and mix in ignition-relevant conditions on NIF. They include experiments to measure instabilities in both the acceleration and deceleration phases of implosions, at both the outer-ablator and ablator-ice interfaces using various experimental techniques including x-ray imaging, x-ray spectroscopy, and nuclear techniques. This article reviews experimental results from two campaigns that measured instability growth at the ablation surface in the acceleration phase 45 and at the shell-gas interface in the deceleration phase of plastic-shell implosions. 46 The ablation-front instability experiments are described in Sec. II. The atomic-mix experiments near peak compression of the plastic-shell implosions are discussed in Sec. III. The discussion of the results is presented in Sec. IV and summarized in Sec. V.
II. ABLATION-FRONT INSTABILITY EXPERIMENTS
Rayleigh-Taylor growth experiments were designed to measure instability at the acceleration phase of spherical implosions 45 at National Ignition Facility. 4 Figure 1 shows the experimental configuration including the Au hohlraum, plastic (CH) capsule, Au cone, and the vanadium backlighter. The gold cone allows the backlighter x-rays to pass through only a single wall of the shell, enabling high-quality radiographs of the growing modulations. The experimental configuration was similar to previous backlighting experiments on NIF. 47 The differences included the additional gold cone, the backlighter material (vanadium vs. germanium), and the reduced thickness (80 lm vs. 160 lm) of the highdensity carbon (HDC) window placed at the hohlraum wall. Figure 2 shows an image of the capsule and the gold cone used in these experiments. The capsules had pre-imposed, 2D sinusoidal modulations at three wavelengths, 240 lm (mode 30), 120 lm (mode 60), and 80 lm (mode 90). The initial modulation amplitudes were in the range from 0.25 lm to 1.7 lm. The experiments were driven with a shaped, 21-ns long laser pulse with peak power of $350 TW and total laser energy of 1.3 MJ (shown in Fig. 3 ) using 184 beams of the NIF laser system. An additional eight overlapped beams were used to drive a 12.5 lm thick vanadium backlighter foil at peak laser intensity of $5 Â 10 14 W/cm 2 . The experiments were conducted with the drives and conditions similar to those used in high-compression layered DT implosions. 41 They were designed to test the hydrodynamic growth predictions used to model these DT layered implosions that achieved fuel areal densities of $1.3 g/cm 2 , peak fuel velocities of $320-330 km/s, and driven at peak radiation temperatures of $300 eV. 41 The nominal 209 lm thick plastic capsules with nominal 1120 lm outer radii had the similar Si-doped layers as used in the previous DT layered implosion, as previously published in Ref. 41 . An extra 14 lm thick CH layer was used to replace the 69 lm thick DT layer to maintain the similar shell mass as in the layered DT implosions. Current experiments followed a campaign that characterized the implosion shock timing and symmetry. 38, 48, 49 The modulation growth was measured with through-foil x-ray radiography 26 using $5.4-keV x-rays generated by the vanadium backlighter located 12 mm from the target center. 45 Figure 4 shows capsule x-ray radiographs captured on a framing camera. The central four images of growing capsule modulations were formed using 20 lm wide slit, while images on the right and left sides of the slit images were formed with 20 lm and 50 lm pinholes. This experiment was performed with side-by-side mode 60 and mode 90 modulations. The temporal resolution of the framing camera was 100 ps, while spatial resolution of the slit images was 20 lm. The slit and pinholes were positioned 100 mm from the target center, while the detector, a framing camera, 50 was located 1300 mm from the target center, giving a magnification of $12 for the imaging system. Pinhole images on the right-hand-side of the Fig. 4 included a section attenuated by a 30 lm aluminum strip, used to measure the sensitivity of the system. X-ray filters used in these experiments included 150 lm polyimide and 12.5 lm thick vanadium filters. The measurements were conducted for convergence ratios up to $2, where the shell radius was decreased down to $550 lm in the implosions. Optical-depth (OD) variations (used in the analysis below) were obtained by taking a natural logarithm of the framing-camera images after x-ray backgrounds were subtracted. resolution were taken out in the measured experimental points for fair comparison. The good agreement between simulations and experiments indicated that instability growth was modeled well for the most unstable modulations in the high-convergence layered DT implosions in the acceleration phase at convergence ratios up to $2. Figure 7 schematically shows two types of capsules used in the atomic-mix spherical implosion experiments. 46 Plastic shells had nominal 209 lm thicknesses and 2280 lminitial outer diameters. Si-doped layers were used to reduce preheat of the inner CH ablator from M-band emission from the Au hohlraum wall. In the first type of capsules, plastic shells included carbon-deuterium (CD) layers with 4.0 lm thicknesses, placed at either the inner shell surface, or offset by up to 8.0 lm from the inner surface, as shown in Fig.  7(a) . The capsules were filled with high-purity tritium gas (including a small contamination of deuterium gas of 0.1% by atom fraction) to allow shell-gas atomic mix to be studied using the DT fusion reaction (D þ T ! 4 He þ n) by measuring the DT neutron yield and ion temperature. The background DT yields from this D contamination were measured in additional control implosions that did not contain the CD layers ("CH capsules"), as shown in Fig. 7(b) . The DT reactions from these control implosions were also used as a diagnostic of the central core ion temperature. The results presented in this article describe shell-gas atomic mix generated at the inner shell-gas interface by the classical RT instability 2, 3 (with no ablative stabilization) in the deceleration phase of implosions, while previous data 42, 43 were collected in layered DT implosions, where ablator mix in the DT hot spot was driven at the outer ablation surface by the ablative RT instability in the acceleration phase of implosions.
III. DECELERATION-PHASE MIX EXPERIMENTS
All implosions used a laser pulse with peak power of $435 TW and total laser energy of $1.5 MJ (shown in Fig.  8) ; the same pulse was used in a number of cryogenic layered DT implosions. 49 Details of the laser pulse shape, pointing, and hohlraum geometry were determined in previous experiments as described in Ref. 49 . The capsule and drive parameters were kept very similar in this set of experiments. Capsule thickness and outer diameter varied less than 0.5% and 1.5%, respectively. The laser power profiles were identical to the $5% level. The performance of all implosions was characterized with a comprehensive set of nuclear and x-ray diagnostics. 46 The x-ray fluxes of hohlraum radiation from the laser entrance hole were measured with the Dante diagnostic; 49 the inferred x-ray flux temperatures were very repeatable, T r ¼ 294 6 4 eV in all shots. Measured implosion x-ray bang times were $22.55 6 0.10 ns, all within 100 ps from each other, with the burn width $300 ps in all shots. Figure 9 shows an example of the measured neutron spectrum in one of the "CH capsule" implosions without a CD layer. 46, 51 The peak at 14.1 MeV was used to measure both the total DT neutron yield and the ion temperature in the DT producing region, while neutrons below 9 MeV were used to measure the tritium-tritium (TT) yield in the central hot spot. Target compression was inferred using the downscattered ratio 52 (DSR $1.2%) of scattered neutrons in the range from 10 to 12 MeV, relative to primary neutrons in the range from 13 to 15 MeV. 46 The convergence ratio of $15, defined as the ratio of the initial inner-capsule radius to the hot spot radius at peak burn, was measured in these implosion using x-ray imaging. 46 Figure 10 shows the measured neutron diagnostic results and comparisons with ARES simulations. 53 The DT yields, DT ion temperatures, and TT yields are shown in Figs. 10(a)-10(c) , respectively. In implosions without CD layers (labeled "CH capsules"), the measured TT and DT yields along with DT ion temperatures probed the same conditions in the central part of the core. In implosions with CD layers, the DT yields were up to $6 times higher, and DT ion temperatures were lower ($2.0 keV vs. 3.4 keV), compared to "CH capsules." The lower measured temperature supports the hypothesis that the DT neutrons were primarily generated in the colder region near the shell-gas interface where D and T were atomically mixed. As the recession of the CD layers from the inner surface increased, the measured DT yields decreased, indicating that much of the plastic mixed into the gas came from a region close to the inner surface. The TT yields were similar in all implosions with and without CD layers, indication of excellent experimental repeatability.
The experimental results were also compared with 2D simulations using the code ARES. 53 To capture the dominant ablation-front instability growth with mode numbers l <$100, direct numerical simulations were performed with imposed surface roughness at unstable interfaces. The K-L mix model 54 (where K represents turbulent kinetic energy, and L is the spatial scale of the mixing layer) was included to capture the turbulent regime and the effects of mix at scales smaller than the computational grid. The free parameter in this method was the initial turbulent mixing length, L 0 , set at all unstable interfaces. As shown in Fig. 10 , the simulations match well the whole set of experiments. For this, a multiplier of 3 times on the nominal outer surface roughness was required to match the measured conditions in the central hot core, as determined by the TT yield. The measured outer surface roughness in these experiments varied from 0.5 to almost 2 times the nominal value; thus, the 3Â nominal values needed to match the TT yield represent up to a factor of $6 above the measured roughness. This need for a multiplier is consistent with previous 2D simulations of high-compression layered DT implosions. 44 To explain the conditions in outer colder core (DT yield and ion temperature), a low roughness parameter of L 0 ¼ 0.1 nm was used in the K-L mix model. These results indicated that the low-mode hydrodynamic instabilities due to surface non-uniformities were the primary reason for yield degradation with atomic ablator-gas mix playing a secondary role. The measured ion temperature of $3.4 keV for the CD layer recession of 8.0 lm was similar to that for the "CH capsules" without CD layers, while the measured DT yield for the 8.0 lm recessed layer was slightly larger ($40%) than that for the "CH capsules." The increased yield was consistent with measured deuterium contamination of tritium gas for the 8.0 lm recessed shot that was about 40% larger than for the "CH capsule" shots. This indicated that contributions of the mixed CD to the measured ion temperature and DT yield were small compared to levels set by deuterium contamination in the 8.0 lm recessed CD layer shot.
IV. DISCUSSION
In recent high-compression experiments on NIF, a fuel areal density of $1.3 g/cm 2 has been achieved with a fuel velocity of $320-330 km/s. 45 While these two key performance parameters were close to the ignition goals, the neutron yield was significantly lower than predicted. 44 Original multidimensional simulations of the layered DT, high-compression implosions intending to capture performance degradation due to instabilities and drive asymmetries over-predicted measured yields by factors of $5 to $30.
44 Two-dimensional simulations with large multipliers (up to $5Â) on the capsule surface roughness could bring simulated yields down to the measured levels. 44 This prompted the hypothesis that the instability growth factors were larger than in simulations.
As shown in Sec. III, the implosion experiments using plastic capsules with CD layers and filled tritium gas measured performance of lower-convergence (compared to layered DT) implosions and directly measured ablator atomic mix using the DT nuclear reaction. Two-dimensional simulations of these experiments, 44 which included the turbulent K-L mix model 54 to capture the effects of high-mode mix, could explain the experimental results, but still required large surface roughness multipliers, consistent with modeling of high-compression layered DT implosions. These atomic-mix experiments suggested that hydrodynamic instabilities (with Legendre mode numbers l < 100) were the primary cause of yield degradation, with atomic ablator-gas mix playing a secondary role.
There were several possible explanations for the need for large multipliers on the initial surface perturbation. The effective roughness could have been larger than assumed based on current metrology methods. The Rayleigh-Taylor 7, 8 growth rates during the acceleration phase, or the preacceleration amplitudes established during the RichtmyerMeshkov 5, 6 instability phase could also be larger than simulated. Some possible seeds for instability growth, such as radiation asymmetry, 55 dust grains and other localized defects, and the effect of the membrane ("tent") used to support the capsule 56, 57 were not included or were underestimated in the simulations. The resultant elevated modulations could cause stronger performance degradation at peak compression, as suggested in recent simulations. 58 In order to explain past results and inform future designs, predictions of hydrodynamic instability growth needed to be tested and validated by experiments.
As shown in Sec. II, the first experiments to directly measure ablation-front hydrodynamic growth using x-ray radiography of pre-imposed, 2D sinusoidal perturbations were performed at NIF. The goal was to test hydrodynamic growth in simulations during both the Richtmyer-Meshkov phase and the Rayleigh-Taylor phase at the outer ablation surface with moderate capsule convergence (2-3). The measured growth was in good agreement with that predicted, thus validating simulations for the fastest growing modulations with mode numbers up to 90 in the acceleration phase. These results provide confidence in the predictive capability of calculations that are used to define a path toward ignition.
Recent, fully integrated, 2D and 3D simulations generally were unable to fully include the effects of ablator jets in the DT fuel, 58 but the presence of mixed ablator material was correlated with reduced experimental yields and temperatures in the high-compression layered DT implosions. 42, 43 This supported another hypothesis that ablator jet mix 30 was also a major contributor to yield degradation. Future radiography experiments are planned to address this physics by measuring growth factors of high-mode modulations, representative of the modulations that can produce ablator jets into the DT hot spot. In addition, the ablation-front radiography measurements will be extended to the time of peak shell velocity, testing code predictions of the ablation-surface growth simulation up to the end of acceleration phase at convergence ratios up to $5. They will be conducted with 3D modulations representative of the surface roughness and imperfections in the recent layered DT implosions. Additional experiments are also planned to measure modulation growth and jet-related mix in the deceleration phase with pre-imposed 2D, 3D modulations, and with spectroscopic layers, extending previous time-integrated mix measurements 42, 43 including a capability of temporal resolution of the mix and also better spatial resolution.
V. CONCLUSIONS
Hydrodynamic instability growth and its effects on implosion performance and mix were studied at the National Ignition Facility. The results of atomic-mix experiments using plastic shells with CD layers have indicated that the hydrodynamic instabilities due to surface roughness (with Legendre mode numbers l < 100) were the primary culprits to yield degradation in plastic shell implosions, with atomic ablator-gas mix playing a secondary role. Hydrodynamic instability growth measurements with pre-imposed modulations were performed to test predictions of the ablation-front Rayleigh-Taylor unstable growth in implosions with convergence ratio of $2. The measured growth was in good agreement with that predicted, thus validating simulations for the fastest growing modulations with mode numbers up to 90 in the acceleration phase. Future acceleration-phase instability experiments will be extended to shorter wavelengths and to higher convergence ratios up to $5. In addition, deceleration phase instability experiments are also planned to test and validate simulation predictions near peak compression of the spherical implosions. 
